Abstract: Infrared signature analysis that considers both the target and background is fundamentally important to the development of target detection systems as well as in the design of ships for thermal stealth. This paper presents the analysis results of long-term infrared signature variations in terms of the apparent spectral-contrast radiant intensity measured using Fourier transform infrared (FTIR)-based hyperspectral images. A novel apparent spectral-contrast radiant intensity (AS-CRI) measure is proposed to evaluate the spectral infrared signature accurately at the sensor point of view. The spectral information by AS-CRI can provide the optimal band for either target detection or thermal stealth purposes, considering the background and atmospheric transmittance. In addition, the effects of seasonal and weather variations were analyzed from the long-term hyperspectral image database constructed during 2018.01-2018.08 (three times a day). A TELOPS HYPER-CAM MWE camera was adopted to acquire 374 bands in 1.5-5.5 µm. The automatic weather system (AWS) can provide 24 h weather recordings for the signature evaluation. The experimental results validate the utility of the novel AS-CRI method to find spectral bands for a range of infrared signature applications including small infrared target detection.
Introduction
The infrared (IR) signature is the appearance of objects to infrared sensors, such as InSb, mercury-cadmium-telluride (MCT), or micro-bolometer [1] . IR cameras provide a temperature field that cannot be obtained from single-point radiometers. Such radiance measurements are of great utility in infrared signatures. The IR signature is important to various areas, including Earth science [2] , environment [3] , weather [4] , and military [5] . Remote measurements of Earth's temperature are useful for an analysis of the global warming problem. In particular, the IR signature is used frequently in target detection and thermal stealth problems in military applications [6] [7] [8] .
The signature can be measured in terms of the absolute temperature, temperature contrast, absolute radiant intensity, or contrast radiant intensity. The absolute temperature can be measured using thermocouples or by converting the radiance to temperature via Planck's law [9] . The absolute temperatures of target and background are important theoretically but the spatial distribution of remote scenes (target + background) is very hard to measure because of the atmospheric attenuation and path radiance [10] . In target detection applications, the temperature contrast can be used to measure the IR signature in ships and aircraft signature optimization by removing the effect of path radiance [11] [12] [13] . The temperature contrast between the surfaces of a ship and the environment is a crucial signature in remote target detection [12] . Although the temperature contrast can be useful to guide signature contrast intuitively, it cannot reflect the amount of thermal energy quantitatively.
A method to overcome this is the absolute radiant intensity, which considers both surface temperature and target area. The temperature information is reflected in the form of the radiance and the multiplication with the target area gives the absolute radiant intensity [W/sr]. There is still the problem of unwanted path radiance in remote signature measurements. The contrast radiant intensity (CRI) is a more accurate and popular measure of the IR signature when calculating the radiant contrast between the target and background because the signature contrast can reduce the path radiance [14] [15] [16] . The contrast of the radiant intensity is linked directly to infrared small target detection applications. The previous small target detection methods usually use the contrast of the target and background, such as the least mean square (LMS) filter [17] [18] [19] , modified Mean subtraction filter (M-MSF) [20] , localized directional Laplacian-of-Gaussian (LoG) filter, scale invariant approach to the LoG filter [21] , and steering kernel reconstruction [22] .
The CRI is usually measured on the target and background surface. The radiant contrast is attenuated by atmospheric transmittance and measured using infrared detectors. On the other hand, it is almost impossible to estimate the correct atmospheric transmittance due to the time-varying properties [23] . In addition, the emissivity of the target surface is difficult to estimate in real time [24] . The apparent CRI can be a practical method for infrared signature characterization because it is measured at the IR detectors, reflecting the atmospheric attenuation effects [6, 10] . The radiant intensity in the CRI is calculated by integrating Planck's law with the estimated temperature [25] . This approach, however, is inaccurate because the atmospheric transmissivity and target emissivity are not considered. In addition, the effects of the spectral bands are not considered when calculating the CRI, which is crucial in target detection or thermal stealth analysis.
In this paper, a novel IR signature measure, called the apparent spectral-CRI (AS-CRI), is proposed to measure the physical thermal characteristics accurately. The AS-CRI can calculate the apparent CRI with a specified spectral band range from the measured hyperspectral infrared images. The optimal spectral bands can be estimated by maximizing the AS-CRI measure for seeker (detection) applications. Similarly, optimal spectral bands can be found by minimizing the AS-CRI measure for stealth applications. The effects of time, day, month, seasons, and weather on the AS-CRI were analyzed by year-round database acquisition.
The remainder of this paper is organized as follows. Section 2 introduces the basics of the experimental set-up and CRI-based IR signature modeling. Section 3 explains the proposed apparent spectral-CRI signature and optimization, including the AS-CRI calculation flow. Section 4 analyzes the AS-CRI for detection and stealth applications considering a range of environmental changes. The paper is concluded in Section 5. Figure 1 summarizes the operational concept of remote thermal signature measurement in sea/sky background. The research objective was to estimate the AS-CRI of a target surface (chimney) heated by solar energy under different weather conditions. The target has four surfaces painted with different emissivities. The surface heated by direct sunlight was rotated 180 • after thermal equilibrium (20 min) to determine the thermal radiation of each surface. The thermal energy radiated by the rotated surface passes through the atmosphere, which alters the spectral radiation. The atmospheric transmittance changes according to the molecular contents, such as carbon dioxide and water vapor. Additional thermal energy coming from the path was added to the remote surface radiation. This thermal radiation was recorded using a Michelson interferometer (TELOPS-HYPCAM-MWE, 374 bands in 1.5-5.5 µm) and the spectra were obtained by applying the fast Fourier transform (FFT) to the interferograms. Figure 2 shows the real set-up for controlled field experiments. The target was made of four-sided steel plates (plate-A, plate-B, plate-C, and plate-D) to model the chimney of a ship. Each side was painted with different types of material to evaluate the thermal stealth capability. A gas burner was installed in the chimney to test real combustion and a servo motor was used to control the rotation angle of the target. Five thermocouples were mounted on each target surface and additional two thermocouples were inserted in the inner side to record the physical target temperature. The remote target was located 78 m from the TELOPS-HYPCAM-MWE camera, where raw data (interferogram, 352 × 288, 1,184 images) was acquired. The hyperspectral IR data acquisition system was installed in a coastal environment to consider both the sky and sea background simultaneously, as shown in Figure 2 (left). Figure 3 shows the camera specifications. The hyperspectral radiance image cube (spatial resolution, 352 × 288; spectral resolution, 374 bands in 1.5-5.5 µm) data was obtained by the consecutive FFT and wavelength/radiometric calibration. This model can provide a high-resolution spectrum using a Michelson interferometer from the shortwave to midwave band [26] . The spectral resolution is user-selectable up to 0.25 [cm −1 ]; the noise equivalent spectral radiance (NESR) was 7 [nW/(cm 2 · sr · cm −1 )]; the radiometric accuracy is approximately 2 K. Such high sensitivity and accuracy is possible because the high-sensitivity sensor is combined with automatic high-efficiency calibration sources (hot black body, 95 • ; cold black body, 25 • ). An automatic weather station (AWS) recorded the environmental weather information per 10 s. The controlled field experiment was conducted three times (11:00, 14:00, and 16:00) a day between January to August in 2018. Details are explained in the following sections. Figure 4 shows the general scenario with various components in IR sensing processing, such as the source (target), atmosphere, and sensor. As indicated in the figure, the most important parameters are the contrast radiant intensity (∆I [W/sr]) between the target and background and atmospheric transmittance (τ(λ)) because they are the basic input parameters of IR sensor systems. 
Background of Signature Measurement and Characterization

Set-Up for Controlled Field Experiment
Basics of IR Signature Modeling: CRI
The target radiance (L T ) can be calculated by integrating the spectral radiance (L(λ)) in the band range [λ 1 λ 2 ], as expressed in Equation (2) .
where L(λ) represents Planck's law defined in Equation (3).
where k B denotes the Boltzmann constant; h represents Planck's constant and c is the speed of light. The target temperature, T, is the key parameter in the spectral radiance calculation. The temperature is estimated by IR sensor calibration with blackbodies [29] . The radiant intensity of the background (I B ) is calculated by similar processing. The target area (A T ) is calculated by the instantaneous field of view (IFOV) and target distance. The final CRI is defined as Equation (4) where the effect of the path radiance is almost removed.
3. Proposed IR Signature Metric: AS-CRI
AS-CRI Calculation Flow
Although the conventional CRI measure described in the previous section can provide a quantitative radiant intensity value, it has three limitations. First, it is difficult to measure the temperature (T) of remote targets and background due to the small blackbody size and time-varying atmospheric conditions. An inaccurate temperature leads to an inaccurate calculation of the spectral radiance (L(λ)). Second, it is difficult to measure the target emissivity (ε T ) correctly in the real world. Third, the unknown and time-varying atmospheric transmittance (τ(λ)) in Equation (1) is the most critical problem. Therefore, it is almost impossible to estimate the actual radiant intensity arriving at sensors. Moreover, there is no spectral information in the CRI that is useful for target detection and thermal stealth analysis. Figure 6a summarizes the steps required to acquire the CRI at the sensor point of view not the target side. First, a blackbody-based radiometric calibration is required to measure the physical target and background temperatures. This process is unstable because the atmospheric transmittance is time-varying. Second, the target and background temperatures are estimated using the digital count of a normal IR camera. Third, the ideal spectral radiance is calculated using the Planck's law. Fourth, sensed radiance is calculated using the target emissivity, atmospheric transmittance, and integral with a fixed wavelength range. This step is required to extract a physical quantity for the sensor point of view. Fifth, the area of the target and background is estimated using the IFOV of camera and the target distance. Sixth, radiant intensity can be calculated by multiplying the radiance and area. Final CRI at the sensor is obtained by subtracting the target radiant intensity and background intensity. This paper proposes a novel measure, the AS-CRI, which is defined as Equation (5). Figure 6b summarizes the steps required to obtain the AS-CRI at the sensor point of view by a comparison with the conventional CRI. The first and second steps are skipped because the FTIR-based hyperspectral imager can measure the spectral radiance directly using the built-in two blackbodies at a sensor point of view reflecting the target emissivity, atmospheric transmittance, and path spectral radiance. The next important step is a radiance calculation by the integral with a varying wavelength range, which can provide useful band information for the stealth and max signal-to-background analysis. The remaining steps are the same as the baseline CRI flow. Figure 7 presents the AS-CRI calculation flow including the specific notation.
where The proposed AS-Radiance of the target (L
where L ap T (λ) is the measured spectral radiance using a Fourier transform infrared (FTIR)-based hyperspectral imager. The apparent spectral target radiance is measured in the sensor point of view, as shown in Figure 4 (right). On the other hand, the spectral target radiance is measured on the target surface, as shown in Figure 4 (left). The background radiant intensity (I ap B (λ 1 , λ 2 )) can be obtained using the same process with the same target size (A T ) using Equation (7).
FTIR-Based Hyperspectral Image Acquisition System
The apparent spectral radiance (L ap T (λ)) is the core measurement information used in the AS-CRI calculation. A passive open path Michelson interferometer can be adopted for outdoor remote sensing applications [30] . Figure 8 presents the mechanism of a passive open path Michelson interferometer to acquire the interferogram. The focusing mirror of the Michelson interferometer receives an input radiation from a remote target. The collimated beam is divided into two paths through the beam splitter. Two beams reflected from the fixed mirror and moving mirror are recombined [31] . Two mirrors can make a path difference after the beams reflect off the mirrors. The recombined two beams generate an interference pattern (interferogram) that is recorded in the detector (InSb). Figure 10 presents the probing scene points (sky, sea, target in Figure 10a ) in the image and acquired spectral profiles in terms of the wavenumber unit (Figure 10b ) and wavelength unit (Figure 10c ). If k denotes the wavenumber [cm −1 ] with k = 1/λ, the unit conversion can be derived as Equation (9) using the integral of the spectral radiance. 
The final conversion form is Figure 10b ,c present the unit conversion of the spectral radiance for the sky, sea, and target pixels, as indicated in Figure 10a . Please note that there is strong atmospheric absorption of the sky pixel in the short wavelength band (1.5-1.8 µm) due to water vapor. Figure 11b shows the AS-Radiant Intensity (I ap T (λ 1 , λ 2 )) using Equation (6) , which multiplies the area (A T ) by the AS-Radiance. The area (A T ) of a remote target is difficult to estimate. On the other hand, target area can be estimated by a geometrical interpretation if the distance between the target and sensor is available, as shown in Figure 12 . Assume that l denotes a physical length corresponding to IFOV. D is the target distance; θ is IFOV; f is the focal length, and N is the number of target pixels. The final target area can be calculated using Equations (10) 
The proposed AS-CRI can provide several roles depending on the application. If the spectral range is defined as λ 1 = λ C − ∆λ/2, λ 2 = λ C + ∆λ/2, where λ C ∈ B with a fixed ∆λ, then Equation (5) can be used to evaluate the apparent CRI variations according to the time of day, weather, and season. The band range, B, is defined as [1.5 µm, 5.5 µm].
The optimal spectral band for target detection can be obtained by modifying Equations (5)-(12) by applying the maximum operation to the AS-CRI function.
[
Similarly, the optimal spectral band for target stealth can be obtained by modifying Equations (5)- (13) by applying the minimum operation to the AS-CRI function.
[λ 1λ2 ] = min
Please note that the unit of AS-Radiant Intensity is [W/sr]. Figure 11c shows the AS-CRI (∆I ap T−B (λ 1 , λ 2 )) between the target-sky and target-sea by applying Equation (5). The AS-CRI profile can provide important information on the signal-background contrast according to the spectral band. For example, the short waveband (1.5-1.8 µm) shows high negative signal-background contrast between the target and sky, as shown in Figure 13a . If the band of 2.8-3.3 µm is selected, almost no contrast (0 AS-CRI) is obtained; Figure 13b shows the corresponding band image. On the other hand, the midwave band (4.7-5.1 µm) shows a high positive AS-CRI, as shown in Figure 13c . Please note that the target is bright and the background (sky, sea) is black, which leads to high contrast. Figure 14 shows the developed software platform to display the acquired hyperspectral IR data in terms of the spectral image at a specific band, spectral profile at a selected point ('+'), and broadband image with a selected spectral range. The band range can be adjusted for broadband image generation. The brightness temperature and radiance can be calculated using the adjustable ROI and band range in Figure 14 (right). The spectral unit can be either the wavelength (µm) or wavenumber (cm −1 ) by unit selection.
Experimental Results
Acquisition of Hyperspectral IR Database
The total number of valid hyperspectral images of plate-D was 234, where each image provides a 128 × 200 × 374 (width × height × bands) hypercube. In addition, and AWS recorded the environmental weather information, such as the date, time, plate ID, wind speed, maximum wind speed, wind direction, maximum wind direction, air temperature, ground temperature, humidity, air pressure, visibility, current, solar LW Radiation, and LW Temperature, including 5 target surface temperatures (TD1, TD2, TD3, TD4, and TD5), and inner temperatures (TD6 and TD7) measured by thermocouples, as shown in Table 1 . Figure 15 summarizes the monthly database size with sample broadband images, including the atmospheric temperature and humidity. Note the wide variations of the target and background (sky and sea) according to the different weather conditions with qualitative analysis. The probe region consisted of three regions, sky, sea, and target, as shown in Figure 16 , to reduce the noise effect. Each hypercube region contained 10 × 10 pixels and 100 spectral bands, which were averaged for each band and used to calculate the region-specific AS-Radiance. 
Evaluation of AS-CRI
In the first experiment, the AS-CRIs of the target-sky and target-sea were extracted according to the wavelength by applying Equation (5) to all 234 hypercubes. Figure 17a presents the calculated AS-Radiant Intensity for the target, sky, and sea regions. In the short wavelength band, the sky region showed the highest AS-Radiant Intensity followed in order by the sea and target regions. On the other hand, the target region showed the highest AS-Radiant Intensity in 4-5.5 µm. Figure 17b shows the final AS-CRIs by subtracting the background (sky, sea) AS-Radiant Intensities from the target AS-Radiant Intensity. The AS-CRIs of the target-sky and target-sea showed negative values in 1.5-2.5 µm; the former showed stronger negative contrast than the latter. The AS-CRI of the target-sea showed a positive contrast from 3.5 µm and that of the target-sky showed positive contrast from 3.85 µm. The experimental stealth band was extracted by applying Equation (13) to the AS-CRI, as shown in Figure 17b . Although the stealth band could be selected at 0 AS-CRI, actual stealth was selected by applying thresholding (0.002 [W/sr]) considering the measurement noise. Table 2 lists the stealth band found for the target-sky and target-sea. Figure 18 presents the stealth bands and corresponding representative band images. The stealth bands shown in Figure 18b is strongly correlated with the atmospheric transmittance bands, as shown in Figure 18a , which leads to no signal-to-background contrast in the images. The atmospheric transmittance was obtained from the web-based MODTRAN (http://modtran.spectral.com) with the following parameters: atmospheric model, mid-latitude summer; ground temperature, 294.2 K; aerosol model, rural; visibility, 15 km. Therefore, similar to a stealth object in SWIR or MWIR cameras, no targets can be detected, if the targets are coated with a special material that radiates only these bands. The experimental maximum AS-CRI band was extracted by applying Equation (12) to the total 234 AS-CRIs by an exhaustive search of the starting wavelength (λ s ) and ending wavelength (λ s ), as shown in Figure 19 (top). The indicated circles represent the maximum points of the band ranges for the target-sky and target-sea regions. The estimated maximum band of AS-CRI for the target-sky is [3.8636 µm 5.5313µm] and that of the AS-CRI for the target-sea is [3.1903µm 5.5313µm] . Please note that the spectral ranges found are the positive parts in Figure 17b . Figure 19 (bottom) shows the maximum broad band using the band ranges found. Note the high contrast between the target and background. Therefore, targets can be more detectable using MWIR cameras with the determined band integration.
In the second experiment, the daily AS-CRI was extracted using the maximum AS-CRI band (3.8-5.5 µm) obtained in the previous experiment to evaluate the daily/monthly/seasonal variations. Figure 20 presents the AS-CRI(3.8,5.5) trend according to different measurement dates starting from 2017.12.27 to 2018.08.31 with a fixed observation time (11:00). As shown in Figure 20a , the AS-Radiant Intensity(3.8,5.5) of the target, sky, and sea increased according to the seasonal observations (winter, spring, and summer). The AS-CRI(3.8,5.5) showed similar behavior as the seasons changed (Figure 20b ). In contrast, the AS-CRI(3.8,5.5) showed low values on rainy days, such as 2018.03.26 and 2018.05. 30 . Figure 20c ,d shows the daily air temperature and relative humidity. The AS-CRI strength in summer is five times higher than that in winter.
The effects of the measurement time for AS-CRI(3.8,5.5) were compared, as shown in Figure 21 . The AS-CRI showed a high value with time (11:00 < 14:00 < 16:00) because of the integral effects of solar energy radiation (See the 20180723 data). On the other hand, the ranking of AS-CRI values changed to 11:00 < 16:00 < 14:00 when it was cloudy or rainy (see the 20180326 data), as shown in Figure 22 . In addition, the AS-CRI variation range per day increased when it was sunny (low humidity) and the temperature was high. Such phenomena were similar for both target-sky and target-sea, as shown in Figure 21 . The AS-CRI of Target-Sea was relatively low compared to that of target-sky in winter because the sea is warmer than the sky in winter. 
Comparison of CRI and AS-CRI
Until now, the properties of AS-CRI were experimented and analyzed in terms of the signature variations and band selection for stealth and detection purposes. This subsection focuses on the target-background contrast depending on the conventional CRI and proposed AS-CRI metric. The baseline CRI uses infrared images generated by integrating the whole spectral bands in a FLIR camera (ex. T620) [16] . The proposed AS-CRI uses infrared images generated by integrating the specific spectral bands (3.8636 µm-5.5313 µm), which were obtained through the maximum of the AS-CRI metric. As shown in Figure 6a , the theoretical CRI at the sensor point view is almost impossible to estimate because of the unknown emissivity and transmittance. In this test, the broadband image (entire band) of FTIR is used for the baseline CRI. The comparison was conducted in a real-world environment by measuring a ship on the sea surface, as shown in Figure 24 . The image (Figure 24a ) used in the baseline CRI showed strong clutter in the sea and sky background. On the other hand, the image (Figure 24b ) used in the proposed AS-CRI showed suppressed background clutter, which leads to higher target-background contrast radiant intensity. The target-sky contrast of the AS-CRI was 4.8 times higher than that of the baseline method (CRI). 
Application to Small Target Detection
The infrared image quality generated by the maximum AS-CRI measure can be analyzed by combining existing infrared small target detection methods such as, [21, 22, 32, 33] . The combination of the local contrast feature and the global uniqueness of the small targets can improve the detection of small targets with low signal-to-noise ratios [22] . The local steering kernel can be used to encode the infrared image patch for poor quality images [32] . Remote targets can also be detected by extracting moving parts from infrared remote sensing images [33] . Although these recent approaches are excellent detectors, this paper adopted the background subtraction and signal-to-clutter optimization method to validate the effects of AS-CRI on the target detection problem [21] . Figure 25 presents the small target detection results, including the experimental environment (Figure 25a ), detection flows of the baseline method (CRI-based image, Figure 25b) , and that of the proposed method (AS-CRI metric-based image, Figure 25c ). The small targets were detected by the consecutive processes of the background estimation, subtraction of the background from the input image, double window filter to reduce noise, and thresholding. Please note that the small target was detected successfully in the image obtained using the proposed AS-CRI metric-based method. Figure 26 shows another small target detection result by comparing the baseline CRI and AS-CRI metric-based infrared images. Please note that the proposed AS-CRI metric can enhance the small target detection capability by providing higher signal-to-background contrast images. 
Conclusions and Discussions
The CRI is an important radiometric measure in various signal processing applications, particularly infrared target detection. On the other hand, it is impractical to measure the CRI using a blackbody for distant targets. In addition, the sensed signal changes considerably according to the unknown spectral target emissivity and time-varying atmospheric transmittance. The most critical issue is what spectral band should be used for reliable target detection or stealth applications. This paper proposed a novel AS-CRI(λ s , λ e ) measure to solve these problems. The Michelson interferometry-based FTIR (TELOPS-HYPERCAM-MWE) system can acquire the apparent spectral radiance, which can reflect the spectral target emissivity, atmospheric transmittance, and path radiance. The AS-Radiant Intensity was calculated using the given spectral range and the AS-CRI was finally acquired by multiplying the target area by the AS-Radiant Intensity. A huge infrared hyperspectral database was constructed by measuring a specific target on a coastal environment three times a day (11:00H, 14:00H, and 16:00H) from January to August. The proposed measure could identify the stealth bands by minimizing the AS-CRI(λ s , λ e ). Furthermore, it could find the optimal band for target detection by maximizing the AS-CRI(λ s , λ e ). Finally, the AS-CRI trend was evaluated by applying the optimal AS-CRI band to the huge database constructed. The AS-CRI method was combined with a small infrared target detection method to validate the utility of the novel metric. Broadband infrared images generated by the optimal bands of AS-CRI showed higher signal-to-background contrast than the baseline images used in the conventional CRI. The small target detection method found true targets accurately with reduced false alarms in AS-CRI-based images compared to the baseline CRI images. In the future, the analyzed AS-CRI values will be used to predict the target detection range with different types of stealth paints.
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